The Hani Rice Terraces System, based on gravity-flow irrigation, is one of the Globally Important Agricultural Heritage Systems (GIAHS) pilot sites selected by FAO in 2010. The water resource plays an important role in the sustainable development of this system. The value of water conserved by the forest is influenced by natural, economic and social factors. In this paper, the water quality, per capita water resources, per capita GDP and population density are chosen as indices to construct an index system for a comprehensive evaluation of water resources value. The weights of these indices are 0.443, 0.31, 0.141 and 0.106 respectively, which are determined by the analytic hierarchy process (AHP) method. The water resources value has been assessed by the fuzzy comprehensive evaluation model. The results show that the water resources value in the Hani Rice Terraces System is 4.25 RMB/m 3 . Evaluating the value of water resources in the Hani Rice Terraces System can provide a reference for ecological compensation, for raising public awareness of the importance of protecting the system, and ultimately achieving its sustainable development. 
Introduction
In 2010-2011, a severe drought occurred in Yunnan Province, which was a 'once in one hundred years' type of occurrence. Most places of the Yunnan Province were severely affected, however, the Hani Rice Terraces System in the mountains of south Yunnan was only marginally affected as there was enough water stored in the forested hilltops to avoid serious crop production losses. This exceptional phenomenon has aroused the attention of many scientists. With its special qualities, the Hani Rice Terraces System was selected as one of the national wetland parks in 2007, selected as one of the Globally Important Agricultural Heritage Systems (GIAHS) pilot sites by FAO in June 2010 (Koohafkan 2009) , and also listed in the catalogue of World Cultural and Natural Heritage sites in 2013 (Bai et al. 2013; Yuan et al. 2014) .
The vertical distribution of the Forest-VillageTerrace-River ecological landscape forms the typical characteristics of the Hani Rice Terraces System. The Hani villages are built on the mountainsides, above the village are the flourishing forests and the terraces are just below the villages making easy access to both upper and lower landscape resources. The water from the forests runs through an irrigation network to the villages and then to the terraces, after which it drains into the river valley. The water in the terraces and valley paddies can evaporate and form into clouds at the hilltops because of the monsoon and the topographic conditions. The forests on the hilltops can facilitate the rising vapour to form dews and accumulate moisture, and finally forms swags and creeks in the forests (Sun et al. 2013) . It can be seen that water resource plays the most important role in the sustainability of the system, which is basically conserved by forests.
At present, researches on water resources in the world mainly concentrated on water quality analysis (Zhang et al. 2014) , water resource management (Umapathi et al. 2013; Miao et al. 2014) , water resources use (Maier et al. 2010) , and the influence impacted by climate change with wide-ranging consequences for human societies and ecosystems (Abutaleb 2000; Arnell 2004; Barnett et al. 2004; Higashi 2006) , while, there is few study about water resources value outside of China. Water resources value refers to the money paid for water resource owners (nation or collective) by the users in order to obtain the right of using the water. This reflects the economic relations between the owners and users, the essence of the water resources value is the capitalization of the water rent (Jiang and Wang 1996) . At present, the commonly used quantitative methods for estimating the water resource values are shadow price method, the marginal opportunity cost method, the supply and demand price method, and the fuzzy mathematics method. The shadow price method has been firstly used by Wen and Shi (1993) to estimate the water resources price of various sections of the Yellow River in China. The marginal opportunity cost method has been used by the Working Group on Resources Accounting and Price Policy to estimate the water resources price of both Beijing and Shanghai cities (The China Council for International Cooperation on Environment and Development: report of resources accounting and price policy, 1994.). The supply and demand price method has been used by Jiang and Wang (1994) to estimate the water resource price of Beijing city. However, there are some problems when these methods mentioned above are used to estimate complex water resource values. The shadow price method only reflects the scarce degree of water resources and the relationship between the water resources and the overall economic benefits, but the results of which can not replace the water resources value. The marginal opportunity cost method is more difficult to apply, because of the lack of ability to compare conclusions while neglecting the quality of water. It is not scientific for the supply and demand price method to estimate the water resources value since it is only based on the water resources quantity. The fuzzy mathematics method is of great potential as a mathematical method for estimating the water resource values. The disadvantage of this method is that the fuzzy evaluation of the various factors influencing the water resources is complex, and there are also various methods to determine the weight of factors. Nevertheless, the method comprehensively considers many influencing factors of water resources value, with obvious practical and dynamic traits, thus, if the weight of factors can be determined reasonably, the fuzzy mathematics method can be the best available method to estimate water resource values (Jiang et al. 1998) .
In this paper, the fuzzy comprehensive evaluation model will be applied to evaluate the value of water resources conserved by the forest ecosystem of the Hani Rice Terraces System. It is hoped that with this technique to increase public awareness of protecting the forests which have the important function of water conservation. It will also provide the scientific foundation for the dynamic protection and adaptive management of the Hani Rice Terraces System and promote the sustainable development of rice terraces worldwide.
Material and Methods

study area
As one of the GIAHS pilot sites, the Hani Rice Terraces System is mainly distributed along the south part of the Honghe Ailao Mountains and spreads in four counties, including Honghe, Yuanyang, Lvchun, and Jinping . In China, terraces in Honghe County are the largest in terms of scale and distribution, which are mainly concentrated in two areas, including the Tasa Terraces in Jiayin Town, and the Samaba Terraces in Baohua Town. Honghe County is located in the south bank of the Red River, and southwest of the Honghe Hani and Yi Autonomous Prefecture (23°05′-23°27′N, 101°49′-102°37′E), which is 300-1634 m above sea level (Figure 1 ). It is subtropical monsoon climate with the mean annual temperature of about 20.9°C and the mean annual precipitation of 945.3 mm. In 2011, there is about 763.8 million m 3 water resources. The total population of Honghe County is 319,070 with the population density of 157 persons per square kilometer. And the GDP is 1665 million RMB.
The place where water resources collected in this paper is Menglong river basin with the cultivated land area of 40.11 km 2 , forest land area of 40.11 km 2 , grassland area of 45.73 km 2 , and construction land area of 0.44 km 2 , of which forest land area accounts for 47.5% and is dominated by coniferous forests and broad-leaved forests ( Figure  2 ). Local soil parent materials are mainly composed of red soil, yellow soil, paddy soil and red sandy soil. Menglong river basin includes the eastern region of Baohua Town and the western region of Jiayin Town. The Tasa Terraces and Samaba Terraces are wholly located within this basin.
Methods
The fuzzy mathematical model of water resources value was proposed by Jiang in 1995. He thinks that the means of water resources value is a complex and fuzzy problem, and the model of water resources value consists of the comprehensive evaluation of water resources value and a calculation model of water pricing (Jiang 1995) .
Comprehensive evaluation model of water resources value
The fuzzy mathematical model of water resources value can be represented by a function: 
Comprehensive evaluation model of water resources value can be represented by a function: V=A○R, where V is the comprehensive value of water resources value, A is the weight of assessment factors ( 1
symbol of compound operation of fuzzy matrix, based on ∧-∨compound operation, R is the comprehensive evaluation matrix: 
Where, R nj (n=1, 2, 3, …, n; j=1, 2, 3, 4, 5) refers to the evaluation value of factor (n) at the evaluation level j.
Effect factors of water resources value
As an important resource, water has natural, social and economic attributes, and therefore, the value of water resources is affected by these three kind of factors (Table 1) . The natural factor is the foundation of water resources value. If water resources are not to be exploited and consumed, and not combined with economic factors, then only the ecological value of water resources can be shown. Thus it can be seen that economic factor plays an indispensable role in the formation of water resources value. The social factor also has an important place in the formation of water resources value.
Factor weights of water resource values
Analytic hierarchy process (AHP) is a mature method for determining the index weight, especially suitable for the multi-level, multi-factor index system, which has high credibility and accuracy (Lv et al. 2011) . In this paper, AHP will be applied to determine the weights of the factors. At first, 10 experts who specialize in ecology, water environment and other related fields were invited to give their opinion about the multiple comparison among all the factors at each evaluation level, and then, the data processing system (DPS) was used to do the data processing to get the weight of factors, on the basis that the sum of the factor weights is 1.
In this paper, if the water quality is chosen as one factor of water resources value, the weights of water quality indices will be calculated by the formula as follows (Wang et al. 2007; Feng and Li 2002 
Membership functions of factors
In order to determine R nj , the membership functions of factors need to be determined. For any set X, a membership function of X is any function from X to the real unit interval [0, 1] . Membership functions of X represent fuzzy subsets of X. The membership function which represents a fuzzy set A is usually denoted by μ. For an element x of X, the value μ(x) is called the membership degree of x in the fuzzy set A. The membership degree μ(x) quantifies the grade of membership of the element x to the fuzzy set A. There are many methods of determining the membership function, L(Lower) semi-trapezoid distribution function is often chosen to determine the membership function, and set up simple-linear membership function (Jiang 1998; Li et al. 2010) , and is selected here. The result of the comprehensive value evaluation is a dimensionless vector, such that with the water price calculation model, the price of water resources can be calculated.
Price calculation model of water resources
In order to calculate the price of water resources, the price vector is introduced (Huang 2012; Wang et al. 2007 ). The price of water resources will be calculated according to the following formula:
Where, WLJ represents the price of water resources, V represents the comprehensive value evaluation of water resources, M is the price vector of water resources.
Tolerance of water fee
The tolerance of water fee is an index reflecting the tolerance of the water fees which are paid by water users for the right of using water resources.
Where, WCI is the tolerance of water fee, CW is the money paid for the water resources, AI is the income of the family.
Price cap of water resources
A reasonable water price is composed of the intrinsic value of water resources, production costs and profit (Jiang 1998) . So, when calculating the value of water resources, production costs and profit should be excluded. The price cap of water resources is the water resources price when the water fee tolerance reaches a maximum.
CP QW
Where, PU is the price cap of water resources, MWCI is the maximum of the water fee tolerance, AI is the income of the family, QW is the consumption of water, CP is the production costs and profit.
Price vector of water resources
The price cap of water resources is PU, therefore, the price of water resources is less than or equal to PU. The value of PU is divided on an interval of equal-difference, so the price vector of water resources can be expressed as follows:
Putting the price vector M into formula 3, according to the general rules of matrix operation, the price of water resources can be calculated.
Results and Discussion
Index system of water resources value
Considering the actual situation of the study area and on the basis of some applied principles, such as comprehensive combined with representative, scientific in harmony with objectivity, and quantifiability reconciled with simplification, water quality, water resources per capita, per capita GDP and population density were chosen for the index system of water resources value evaluation (Feng and Li 2002) . Water quality can indicate health status of water resources, especially for domestic water. Water resources value is mainly determined by water quality to a large extent. Total water resources volume can reflect the abundance degree of water resources, and water resources per capita can reflect the scarcity of water resources. Water resource is closely connected with economic structure, and the development of socio economy depend on water resources utilization, so per capita GDP can reflect and influence water resources value to some extent. In social economic activities, the demand for water is proportional to the population, i.e. there will be higher water resources dependence with greater population density. The weights of water quality (0.443), water resources per capita (0.31), per capita GDP (0.141) and population density (0.106) were determined by the analytic hierarchy process (AHP).
In order to identify pollution sources and select the main contamination indices, pH, dissolved oxygen, total nitrogen (TN), total phosphorus (TP), ammonia nitrogen (NH 3 -N), nitrate nitrogen, chemical oxygen demand (COD), five days' biochemical oxygen demand (BOD 5 ), potassium permanganate index, chloride, sulfate, total hardness, total manganese, fluoride, petroleum, volatile phenol and so on have been monitored. Based on monitoring result, COD, permanganate index, as well as NH 3 -N, TP, and TN have been chosen to constitute the index of water quality.
Fuzzy evaluation of water quality
Water quality can reflect the influence of human activities in the catchment area, which is closely associated with the function of water resources. In this paper, water samples were collected at the outlet of the forest ecological system in the study area, and the water quality index of COD, permanganate index, NH 3 -N, TP, and TN were tested in the laboratory. The results are shown in Table 2 . The valuation criteria of water quality are determined by referring to the national standard for the environmental quality of surface water (GB3838-2002) , and by considering the actual local conditions.
The average tested value of permanganate index is 1.82 mg/L, the membership function set is (1, 0, 0, 0, 0); the average tested value of COD is 10 mg/L, the membership function set is (1, 0, 0, 0, 0); the average tested value of ammonia nitrogen is 0.025 mg/L, the membership function set is (1, 0, 0, 0, 0); the average tested value of total phosphorus is 0.026 mg/L, the membership function set is (0.925, 0.075, 0, 0, 0), the average tested value of total nitrogen is 0.07 mg/L, the membership function set is (1, 0, 0, 0, 0). Thus it can be seen that the membership degrees of permanganate index, COD, NH 3 -N and TN in the fuzzy set Class I are all 1, and the membership degrees of total phosphorus in the fuzzy set Class I and Class Ⅱare respectively 0.925 and 0.075.
According to the membership function sets of the five water quality indices, the fuzzy relation matrix of water quality indices (r) can be read as: 
Through the compound operation between the weights of indices (B) and the fuzzy relation matrix of water quality indices (r), the water quality evaluation vector of forest (R 1 ) can be calculated, R 1 =[0.86, 0.14, 0, 0, 0]. The results shows that the membership degrees of water quality in the study area at the higher and high evaluation level are 0.86 and 0.14, respectively, which indicates that the water quality of the Hani Rice Terraces System is very good and the reason for this is that the Hani people have the high consciousness of protecting the forest ecosystems. Forests can be looked as the "natural reservoir" for the terraced fields. It provides an important guarantee of adequate water resources for the Ailao Mountain terraced areas, thus playing a crucial role in the stability and sustainability of local ecosystem.
Forests have been protected well since there is a series of traditional ecological knowledge about forest management, which has influenced Hani people deeply (Jiao 2009 ). Forests are managed by different classification and functions. There are also strict regulations about these different forests, and people who has violated rules will be punished seriously. Some forest regions are sacred and inviolable, both human and livestock are not allowed to enter without permission, not even mention cutting trees and reclamation. Forests are mainly managed by forest rangers, but natural worship and religious activities also play an important role in the management of forests. Through the classification and management of forest resources, as well as the worship of the forest, Hani people have effectively protected forest ecological system, guaranteed water supplies and controlled soil and water loss, that is why the water quality is so good.
Fuzzy evaluation of water resources per capita
Total amount of water resources refers to the surface water and the ground water coming from precipitation, that is, the sum of the amount of river runoff and rainfall infiltration recharge. The per capita water resources is the ratio of the total amount of water resources to the total population. The total amount of water resources is 763.8 million m 3 , the per capita water resources is 2554 m 3 (Source: Statistical Yearbook of Honghe Prefecture 2012). According to the international standard, the evaluation standard of per capita water resources can be calculated. There is a negative correlation between the per capita water resources and water resources value (Table 3) .
From the point of water resources quantity evaluation, we can see that water resources per capita within the study area is at the high and higher evaluation level. Water resources is very rich because that there is typical vertical threedimensional climate under complicated topography and subtropical monsoon climate. It is tropical or subtropical climate in the river valley, while it is cool and rainy in the high elevation mountainous area. The evaporation in the river valley is intensive for the above analysis, and vapour forms into rainfall with the increase of the altitude, especially in the wet season during May to September.
According to the international standards of water resources per capita and the per capita water resources of Honghe County, based on the membership functions of factors, the evaluation vector of the per capita water resources (R 2 ) is obtained, R 2 ＝ [0, 0, 0, 0.892, 0.108] . Results showed that the membership degrees of per capita water resources at the low and lower evaluation level are respectively 0.892 and 0.108, that is because according to the laws of the market, when supply exceeds demand, the price of commodity becomes lower, conversely, when demand exceeds supply, the price of commodity becomes higher. Water resources as a commodity, evaluation of water resources quantity is at the high and higher evaluation level, as we can see that evaluation of water resources value is at the low and lower evaluation level.
Fuzzy evaluation of per capita GDP
The total population of Honghe County is 319,070 in 2011, the GDP is 1665 million RMB, the per capita GDP is 5218.29 RMB. According to the Statistical Yearbook of China 2012, in which the nation has been divided into 6 regions, the evaluation standard of per capita GDP can be found based on the per capita GDP of the 6 regions, W per capita GDP = {44736, 28668, 26860, 24115,
20219}.
Therefore, according to the evaluation standard of per capita GDP and the per capita GDP of Honghe County, based on the membership functions of factors, the evaluation vector of per capita GDP (R 3 ) is obtained, R 3 =[0, 0, 0, 0, 1]. Results showed that the membership degrees of per capita GDP at the lower evaluation level is 1. We could also see that the per capita GDP of the study area is at the low level of China, which indicates that the economic development level of Honghe County is not high for various reasons. For example, the industrial structure is unreasonable, since in the economical proportion, the proportion of primary industry in the study area is much higher than that of China and Yunnan Province, and the proportion of secondary industry is far below that of China and Yunnan Province, while, tertiary industry has not very strong competitiveness without bright characteristic. Therefore, relatively underdeveloped economy is caused by the unreasonable industrial structure to some extent, which is mainly caused by poor infrastructure and lack of talents.
Fuzzy evaluation of population density
The land area of Honghe County is 2034 km 2 , the population density is 157 persons per square kilometer. According to the Statistical Yearbook of China 2012, in which the nation has been divided into 6 regions, the evaluation standard of population density can be derived based on the population density of the 6 regions, W population density = {564, 311, 256, 168, 57}.
According to the evaluation standard of population density and the population density of Honghe County, based on the membership functions of factors, the evaluation vector of population density (R 4 ) is obtained, R 4 = [0, 0, 0, 0.901, 0.099] .
Results showed that the membership degrees of population density in the study area at the low and lower evaluation level are respectively 0.901 and 0.099, which indicates that the population density of the study area is at the low level of China. It is not conducive to develop the agriculture and industry for various factors, such as nonconvenient transportation in the mountainous area, which can hinder and limit the development of economy and lead to these places poor and backward with a small population.
Price vector of water resources
Price vector of water resources can be calculated according to the formula 5. Where, MWCI is the maximum of the water fee tolerance, the ratio should not be greater than 0.03, suggested by the Economic and Social Commission for Asia and the Pacific. According to the field investigation, the MWCI of Honghe County is 0.015. The water resources price of Honghe County is 3.9 RMB/m 3 , including the production costs and profit (1 RMB) (Source: water supply company of Honghe County). The per capita disposable income of Honghe County is 19,327 RMB a year (Source: government work report of Honghe County). The domestic water consumption of one person is 3.0 m 3 a month. 
The results show that the water resources value of Honghe County is 4.25 RMB/m 3 and the price of water in Honghe County is 3.90 RMB/m 3 . Theoretically, reasonable water price should be constituted by three parts including water price of resource, water price of project and water price of environment. While, in the current water price, where water price of resource (less than 3.90 RMB) is far less than the water resources value (4.25 RMB) for various uncertainties. In conclusion, the price of water is still lower than the water resources value, there is still room for increasing the price of water before people can no longer afford it, so we think that the water resources value is reasonable.
Conclusions
The value of water resources conserved by upland forests in the Hani Rice Terraces System has been evaluated based on the fuzzy comprehensive evaluation model in this paper, which is influenced by natural, economic and social factors. Water quality, per capita water resources, per capita GDP and population density have been chosen to constitute the index system of the fuzzy comprehensive evaluation on water resources value. Calculated by the analytic hierarchy process method, the weights of the indices are 0.443, 0.31, 0.141 and 0.106 respectively.
The results show that the water resources value of Honghe County is 4.25 RMB/m 3 . The value evaluation of water resources can provide a reference for setting the water price, and is significant for water price reform. Furthermore, it is helpful to make up the compensation standard for the forest ecological benefits, providing an important reference for the policies and measures of government, which is critical for protecting the Hani Rice Terraces System, one of the typical Globally Important Agricultural Heritage Systems.
